Abstract. This paper proposes a CFD model to simulate the wall shear stress of the falling water film on the hydrophilic surface (aluminum) of the inclined flat plate in the range of 30°, 60° and 90° at a flow rate of 100, 200 and 300 L/h. Wall shear stress simulated from the CFD using SST k-ω with the VOF model was compared with the real data obtained from the experiment. It was found that both inclined angle and water flow rate had an effect to the wall shear stress and the CFD with the proposed model had the potential to predict it with the maximum averaged error of 2.9%.
Introduction
In food industry, the removal of soil and microorganism from food processing equipment and machines in wetcleaning with water is the most important process indicating the level of food safety. If inadequate or improper cleaning occurs, soil residues may remain on the equipment surface causing to product contamination and deterioration and foodborne disease in the consumers.
Generally, cleaning of a large tank with the principle of falling film using a spray ball is preferable. A series of jets of water spraying injected through spray balls spread out on the interior surface of a tank and flowed down by gravity force creating the wall shear stress for removing soil from the surface. From a theory of fluid mechanics, the wall shear stress is an important factor to indicate the cleaning performance. It depends on many parameters such as liquid properties, flow characteristics and inclination of the surface [1] [2] [3] [4] . Fuchs et al. [3] and Lerch et al. [5] have studied the cleaning process with falling water film and found that the turbulent flow of water can enhance the cleaning performance. This finding also is in the agreement with Tamime [2] . Therefore, an understanding on flow characteristics of cleaning fluid effecting to cleaning performance in term of wall shear stress is importance.
To obtain the wall shear stress, it can be achieved by directly calculating from the measured thickness of liquid film. However, it spends a lot of time and costs a lot. Therefore, Computational Fluid Dynamics (CFD) is introduced to simulate the wall shear stress [6] [7] [8] [9] . Moreover, it is also widely used to simulate the flow velocity of fluid and other applications about a decade [10] [11] . In this study, the CFD model was proposed to estimate the wall shear stress of falling water film created on the inclined surface at various flow rates.
Theory of falling liquid film
Falling liquid film is a film flow downward under gravity, the characteristics of film flow can be indicated by film Reynolds number (Ref) as illustrated in equation (1) [3, 12] : the shear stress at interface is neglected, and fluid properties are constant [3, 4, 13] . The film thickness (δ) can be calculated by equation (2) 
where g is the gravitational acceleration (m/s 2 ) and θ is the angle of inclination of the surface with respect to a horizontal.
During the film flows down, there is a force acting upwards created between the surface and the liquid film that is called the wall shear stress, influenced by the liquid film thickness. It is an important parameter indicating the performance of soil removal from the surface. It can be calculated by equation (3) with the several assumptions, i.e. the fluid flow is uniform and incompressible, the net pressure force is zero, and the momentum flux through the control volume is zero [14] .
where τw is the wall shear stress (Pa), ρ is density (kg/m 3 ).
Materials and methods

The experimental setup
The experimental unit (see fig. 2 ) consisted of a centrifugal pump, a tube, a ball valve, a water container, and a testing surface. For the testing surface, an 10x50 cm aluminum plate used as representative of food contact surface, can be adjusted for any angle. Water was circulated by the centrifugal pump (Sonic AP1600 20-23 watt), installed in a water container with a tube and a ball valve connecting, from a water container to overflow on a testing surface.
Fig. 2. Experimental Unit
Experimental method
The experiments were carried out under gravity driven falling water film on a vertical and inclined testing surface at various angles (30°, 60° and 90°). Water was circulated at least 5 minutes before the data were recorded. The flow rate of water was measured using weighing method (SF-400A resolution 0.1g) and the temperature of water was measured by thermocouple type K (Fluke 54IIB Thermometer S2). Experiments were performed at the flow rate of 100, 200 and 300 L/h with Reynolds number of 311, 622 and 932, respectively. The micrometer with resolution of 0.01 mm was installed on the tripod to measure the thickness of water film at every 5 cm long from the origin point (0 cm) ( fig. 3 ), then compared with the theoretical results calculated from the equation (2) to consider the real data of water film thickness for calculating wall shear stress created on the surface by equation (3) [3, 4, 13] . They were referred as the real data for validating the results simulated from CFD.
Fig. 3. Film thickness measuring position
CFD Modeling
In this study, the falling film flow was investigated by the three-dimensional CFD simulation (ANSYS FLUENT 16.0) with Navier-Stokes equation, which assumes that fluid is incompressible flow and constant viscosity. The shear stress transport k-ω (SST k-ω), a turbulent model, was used to simulate film flow with the sensitivity inside and outside shear layer [15] . From the preliminary experiments, it was found that the SST k-ω model gave the minimum error comparing with the wall shear stress simulated from other turbulent models, i.e. STD k-ε, RNG k-ε and Realizable k-ε models (results not shown). In addition, the multiphase model, Volume of Fluid (VOF) was also applied with SST k-ω model and hexagonal mesh for capturing the interface between two phases since the film flow in this study was two-phase flow (gas and liquid) [8, 15] .
The wall shear stress of falling water film was simulated with the CFD model by separating the water film into many small elements, then it was considered under the conditions as shown in Table 1 .
To validate the CFD model, the simulated wall shear stress was compared with the real data or theoretical data obtained from section 3.2 in term of a relative error as presented in equation (4)
where %error is a relative error, xsim is a simulation data and xt is a real data. a Physical properties of air [16] b Physical properties of water [16] 4 Results and discussion
Wall shear stress validation
Fig . 4 shows the thickness of water film calculated from the Nusselt's film theory and measured by a micrometer. The thickness measured from the experimental unit are in a good agreement with the findings of Fuchs et al. [3] . The thickness values obtained from both methods were very close for flow characteristic in the laminar or transient (100 L/h), whereas the values obtained from the measurement were higher than that from the theory at higher flow rate (200 and 300 L/h) or in the turbulent flow. Since the Nusselt's film theory is scoped only for the laminar film flow, the calculated results are lower than the actual film thickness. Besides, cleaning the internal surface of a large tank should be processed with the turbulent falling film flow. Therefore, in this study, the wall shear stress considered to be the real data was calculated from the measured film thickness and used to validate the CFD model. Fig. 4 . Water film thickness on the inclined surface at 30˚ calculated from Nusselt's film theory and measured by micrometer Fig. 5 shows an example of comparing the wall shear stress obtained from the CFD simulation and the experiment at every 5 cm long from the origin point (0 cm). It was found that the CFD simulation had much relative error at the first one fifth of the whole distance due to the influence of the water inlet of the experimental unit. For this reason, the proposed CFD model could be used to simulate the film flow at the distance of 10-50 cm from the origin point. The contour of wall shear stress created on the inclined surface as shown in fig. 6 . Therefore, the wall shear stress hereafter was the CFD averaged from the distance of 10 to 50 cm as presented in Table 2 . Table 2 , It was found that the thickness of water film simulated from CFD had a good agreement with Fuchs et al. [3] and represented the low relative error. The maximum relative error under all experimental conditions was less than 3%. This probably due to different assumptions of the CFD model and the equation (3) . Since aluminum plate is a hydrophilic surface having the surface tension close to other types of food contact materials such as stainless steel, this model could also be applied to simulate the wall shear stress created on the food contact surface. The higher surface tension is, the higher wall shear stress is [6] . However, for more accuracy the further work on the correction factor for any types of materials would be needed. 
Effect of inclined angle and flow rate
From Table 2 , wall shear stress of water film on the surface increased with the increasing of surface inclination and water flow rate as water film was influenced by gravity at a more inclined angle. When considering the water flow rate, the wall shear stress occurred form water film flow at 100 liters per hour, non-turbulent flow, was lower than that of at 200 and 300 liters per hour, turbulent flow. The higher water flow rate caused the film flow more turbulent, and more wall shear stress. However, the film wall shear stress is influenced by the water flow rate more than an inclined angle.
Conclusions
Wall shear stress is an important factor for cleaning by falling liquid film. It was influenced by water flow rate and inclined angle. The increasing of inclination angle and water flow rate caused the greater wall shear stress. When comparing wall shear stress simulated from the CFD using SST k-ω with VOF model and obtained from the experiments, it was found that the CFD was a potential tool to predict the wall shear stress at different conditions with the maximum error of 2.9%. Nevertheless, further research would be needed in case of changing the material type. Finally, this study would be more benefits if this concept was applied to the cleaning behavior of any types of soils using falling water film in the future work.
